Exclusive and semi-exclusive processes, the diffractive dissociation of hadrons into jets, and hard diffractive processes such as vector meson leptoproduction provide new testing grounds for QCD and essential information on the structure of light-cone wavefunctions of hadrons, particularly the pion distribution amplitude. I review the basic features of the leading-twist QCD predictions and the problems and challenges of studying QCD at the amplitude level. The application of the light-cone formalism to the exclusive semi-leptonic decay of heavy hadrons is also discussed.
Introduction
Exclusive hard-scattering reactions and hard diffractive reactions are now providing an invaluable window into the structure and dynamics of hadronic amplitudes. Recent measurements of the photon-to-pion transition form factor at CLEO, [1] the diffractive dissociation of pions into jets at Fermilab, [2] diffractive vector meson leptoproduction at Fermilab and HERA, and the new program of experiments on exclusive proton and deuteron processes at Jefferson Laboratory are now yielding fundamental information on hadronic wavefunctions, particularly the distribution amplitude of mesons. Such information is also critical for interpreting exclusive heavy hadron decays and the matrix elements and amplitudes entering CP -violating processes at the B factories.
The natural formalism for describing the hadronic wavefunctions which enter exclusive and diffractive amplitudes is the light-cone Fock representation obtained by quantizing the theory at fixed at fixed "light-cone" time τ = t + z/c. [3] This representation is the extension of Schrödinger many-body theory to the relativistic domain.
In a quantum theory a bound state cannot have a fixed number of constituents. For example, the proton state has the Fock expansion
representing the expansion of the exact QCD eigenstate on a non-interacting quark and gluon basis. The probability amplitude for each such n-particle state of on-mass shell quarks and gluons in a hadron is given by a light-cone Fock state wavefunction ψ n/H (x i , k ⊥i , λ i ), where the constituents have longitudinal light-cone momentum frac- n/H (x i , k ⊥i , λ i ) is invariant under longitudinal boosts; i.e., the light-cone wavefunctions expressed in the relative coordinates x i and k ⊥i are independent of the total momentum P + , P ⊥ of the hadron. The ensemble {ψ n/H } of such light-cone Fock wavefunctions is a key concept for hadronic physics, providing a conceptual basis for representing physical hadrons (and also nuclei) in terms of their fundamental quark and gluon degrees of freedom. Given the ψ (Λ)
n/H , we can construct any spacelike electromagnetic or electroweak form factor from the diagonal overlap of the LC wavefunctions. [4] Similarly, the matrix elements of the currents that define quark and gluon structure functions can be computed from the integrated squares of the LC wavefunctions. [5] There has been much progress analyzing exclusive and diffractive reactions at large momentum transfer from first principles in QCD. Rigorous statements can be made on the basis of asymptotic freedom and factorization theorems which separate the underlying hard quark and gluon subprocess amplitude from the nonperturbative physics incorporated into the process-independent hadron distribution amplitudes φ H (x i , Q), [5] the valence light-cone wavefunctions integrated over k
2 . An important new application is the recent analysis of hard exclusive B decays by Beneke, et al. [6] Key features of such analyses are: (a) evolution equations for distribution amplitudes which incorporate the operator product expansion, renormalization group invariance, and conformal symmetry; [5, 7, 8, 9, 10, 11] (b) hadron helicity conservation which follows from the underlying chiral structure of QCD; [12] (c) color transparency, which eliminates corrections to hard exclusive amplitudes from initial and final state interactions at leading power and reflects the underlying gauge theoretic basis for the strong interactions; [13, 14] and (d) hidden color degrees of freedom in nuclear wavefunctions, which reflects the color structure of hadron and nuclear wavefunctions. [15] There have also been recent advances eliminating renormalization scale ambiguities in hard-scattering amplitudes via commensurate scale relations [16, 17, 18] which connect the couplings entering exclusive amplitudes to the α V coupling which controls the QCD heavy quark potential. [19] The postulate that the QCD coupling has an infrared fixed-point provides an understanding of the applicability of conformal scaling and dimensional counting rules to physical QCD processes. [20, 21, 19] The field of analyzable exclusive processes has recently been expanded to a new range of QCD processes, such as electroweak decay amplitudes, highly virtual diffractive processes such as γ * p → ρp, [22, 23] and semi-exclusive processes such as γ * p → π + X [24, 25, 26] where the π + is produced in isolation at large p T . In principle, a precise evaluation of the hadronic matrix elements needed for Bdecays and other exclusive electroweak decay amplitudes requires knowledge of all of the light-cone Fock wavefunctions of the initial and final state hadrons. In the case of model gauge theories such as QCD(1+1) [32] or collinear QCD [33] in one-space and one-time dimensions, the complete evaluation of the light-cone wavefunction is possible for each baryon or meson bound-state using the DLCQ method. [34, 33] It would be interesting to use such solutions as a model for physical B-decays.
The Transition from Soft to Hard Physics
The existence of an exact formalism provides a basis for systematic approximations and a control over neglected terms. For example, one can analyze exclusive semileptonic B-decays which involve hard internal momentum transfer using a perturbative QCD formalism [35, 6] patterned after the analysis of form factors at large momentum transfer. [5] The hard-scattering analysis proceeds by writing each hadronic wavefunction as a sum of soft and hard contributions
where M 2 n is the invariant mass of the partons in the n-particle Fock state and Λ is the separation scale. The high internal momentum contributions to the wavefunction ψ hard n can be calculated systematically from QCD perturbation theory by iterating the gluon exchange kernel. The contributions from high momentum transfer exchange to the B-decay amplitude can then be written as a convolution of a hard-scattering quark-gluon scattering amplitude T H with the distribution amplitudes φ(x i , Λ), the valence wavefunctions obtained by integrating the constituent momenta up to the separation scale M n < Λ < Q. This is the basis for the perturbative hard-scattering analyses. [35, 36, 37, 6] In the exact analysis, one can identify the hard PQCD contribution as well as the soft contribution from the convolution of the light-cone wavefunctions. Furthermore, the hard-scattering contribution can be systematically improved.
Hard Exclusive Processes
In general, hard exclusive hadronic amplitudes such as quarkonium decay, heavy hadron decay, and scattering amplitudes where hadrons are scattered with large momentum transfer can be factorized at leading power as a convolution of distribution amplitudes and hard-scattering quark/gluon matrix elements [5] 
where the global cutoff Λ is identified with the resolution Q. The features of exclusive processes to leading power in the transferred momenta are well known:
(1) The leading power fall-off is given by dimensional counting rules for the hardscattering amplitude: T H ∼ 1/Q n−1 , where n is the total number of fields (quarks, leptons, or gauge fields) participating in the hard scattering. [20, 21] Thus the reaction is dominated by subprocesses and Fock states involving the minimum number of interacting fields. The hadronic amplitude follows this fall-off modulo logarithmic corrections from the running of the QCD coupling, and the evolution of the hadron distribution amplitudes. In some cases, such as large angle pp → pp scattering, pinch contributions from multiple hard-scattering processes must also be included. [39] The general success of dimensional counting rules implies that the effective coupling α V (Q * ) controlling the gluon exchange propagators in T H are frozen in the infrared,
i.e., have an infrared fixed point, since the effective momentum transfers Q * exchanged by the gluons are often a small fraction of the overall momentum transfer. [19] The pinch contributions are suppressed by a factor decreasing faster than a fixed power. [20] (2) The leading power dependence is given by hard-scattering amplitudes T H which conserve quark helicity. [12, 40] Since the convolution of T H with the light-cone wavefunctions projects out states with L z = 0, the leading hadron amplitudes conserve hadron helicity; i.e., the sum of initial and final hadron helicities are conserved. 
A , and the light-cone longitudinal momentum fractions have to add to x 1 + x 2 ∼ 1 so that ∆p L < R −1 A . The process can then occur coherently in the nucleus. Because of color transparency, i.e., the cancelation of color interactions in a small-size color-singlet hadron, the valence wavefunction of the pion with small impact separation will penetrate the nucleus with minimal interactions, diffracting into jet pairs. [42] The x 1 = x, x 2 = 1 − x dependence of the di-jet distributions will thus reflect the shape of the pion distribution amplitude; the k ⊥1 − k ⊥2 relative transverse momenta of the jets also gives key information on the underlying shape of the valence pion wavefunction. [43, 44] The QCD analysis can be confirmed by the observation that the diffractive nuclear amplitude extrapolated to t = 0 is linear in nuclear number A, as predicted by QCD color transparency. The integrated diffractive rate should scale as
of this type, E791, is now in progress at Fermilab using 500 GeV incident pions on nuclear targets. [2] The preliminary results from E791 appear to be consistent with color transparency. The momentum fraction distribution of the jets is consistent with a valence light-cone wavefunction of the pion consistent with the shape of the asymp-
. As discussed below, data from CLEO [1] for the γγ * → π 0 transition form factor also favor a form for the pion distribution amplitude close to the asymptotic solution [5] to the perturbative QCD evolution equation. [45, 46, 19, 47, 48] It will also be interesting to study diffractive tri-jet production using proton beams pA → Jet 1 + Jet 2 + Jet 3 + A ′ to determine the fundamental shape of the 3-quark structure of the valence light-cone wavefunction of the nucleon at small transverse separation. [43] One interesting possibility is that the distribution amplitude of the ∆(1232) for J z = 1/2, 3/2 is close to the asymptotic form x 1 x 2 x 3 , but that the proton distribution amplitude is more complex. This would explain why the p → ∆ transition form factor appears to fall faster at large 
Leading Power Dominance in Exclusive QCD Processes
There are a large number of measured exclusive reactions in which the empirical power law fall-off predicted by dimensional counting and PQCD appears to be accurate over a large range of momentum transfer. These include processes such as the proton form factor, time-like meson pair production in e + e − and γγ annihilation, largeangle scattering processes such as pion photoproduction γp → π + p, and nuclear processes such as the deuteron form factor at large momentum transfer and deuteron photodisintegration. [50] A spectacular example is the recent measurements at CESR of the photon to pion transition form factor in the reaction eγ → eπ 0 . 
which is the asymptotic solution [5] to the evolution equation for the pion distribution amplitude. [45, 46, 19, 48] The measured deuteron form factor and the deuteron photodisintegration cross section appear to follow the leading-twist QCD predictions at large momentum transfers in the few GeV region. [51, 52] The normalization of the measured deuteron form factor is large compared to model calculations [53] assuming that the deuteron's sixquark wavefunction can be represented at short distances with the color structure of two color singlet baryons. This provides indirect evidence for the presence of hidden color components as required by PQCD. [15] There are, however, experimental exceptions to the general success of the leading twist PQCD approach, such as (a) the dominance of the J/ψ → ρπ decay which is forbidden by hadron helicity conservation and (b) the strong normal-normal spin asymmetry A N N observed in polarized elastic pp → pp scattering and an apparent breakdown of color transparency at large CM angles and E CM ∼ 5 GeV. These conflicts with leading-twist PQCD predictions can be used to identify the presence of new physical effects. For example, It is usually assumed that a heavy quarkonium state such as the J/ψ always decays to light hadrons via the annihilation of its heavy quark constituents to gluons. However, as Karliner and I [54] have recently shown, the transition J/ψ → ρπ can also occur by the rearrangement of the cc from the J/ψ into the | qqcc intrinsic charm Fock state of the ρ or π. On the other hand, the overlap rearrangement integral in the decay ψ ′ → ρπ will be suppressed since the intrinsic charm Fock state radial wavefunction of the light hadrons will evidently not have nodes in its radial wavefunction. This observation provides a natural explanation of the long-standing puzzle why the J/ψ decays prominently to two-body pseudoscalarvector final states, whereas the ψ ′ does not. The unusual effects seen in elastic proton-proton scattering at E CM ∼ 5 GeV and large angles could be related to the charm threshold and the effect of a | uuduudcc resonance which would appear as in the J = L = S = 1 pp partial wave. [55] If the pion distribution amplitude is close to its asymptotic form, then one can predict the normalization of exclusive amplitudes such as the spacelike pion form factor Q 2 F π (Q 2 ). Next-to-leading order predictions are now becoming available which incorporate higher order corrections to the pion distribution amplitude as well as the hard scattering amplitude. [9, 56, 57] However, the normalization of the PQCD prediction for the pion form factor depends directly on the value of the effective coupling ), then the Feynman endpoint contribution to the overlap integral at small k ⊥ and x ≃ 1 will dominate the form factor compared to the hard-scattering contribution until very large Q 2 . However, the above form of ψ soft (x, k ⊥ ) has no suppression at k ⊥ = 0 for any x; i.e., the wavefunction in the hadron rest frame does not 
